Summary: The effect of neurokinin A (NKA) on neurons of bullfrog dorsal root ganglia (DRG) in primary culture was examined by using wholecell patch-clamp methods. Application of NKA (1 tcM) depolarized the DRG neurons, resulting in spontaneous firing of action potentials. Under voltageclamp condition, NKA (3 nM-1,oM) caused an inward current (INS,) associated with decreased membrane conductance. The INKA reversed its polarity at the equilibrium potential for K+. The INKA was blocked by extracellular Ba2+ (1 mM) but not by nominally 0 mM Ca2+, tetraethylammonium (40 mM), 4-aminopyridine (2 mM) or apamin (50 nM). Intracellular Cs+ blocked the INKA. NKA depressed a voltage-dependent on-inactivating K+ current, the Mcurrent (IM), at potentials more positive than -55 mV. NKA reduced the maximum M-conductance '(GM) without changing the kinetics of M-channels. NKA also depressed a voltage-and time-independent background K+ current,
Introduction
Mammalian tachykinins, such as substance P (SP), neurokinin A (NKA) and neurokinin B (NKB), have been demonstrated to exist widely in the peripheral and central nervous systems (Ogawa et al. 1985; Leeman et al. 1991; Otsuka and Yoshioka, 1993) . NKA-like immunoreactvity co-exists with SP-like immunoreactivity in neurons of rat dorsal root ganglia (DRG) and in the dorsal horn of the spinal cord (Dalsgaard et al. 1985; Ogawa et al. 1985; Lee et al. 1986; Takano et al. 1986; Helke and Niederer, 1996) . Molecular cloning of CDNAS has revealed three distinct types of tachykinin receptors, NK1i NK2 and NK3 that belong to thecurrent by suppressing potassium conductances in acutely dissociated neurons of bullfrog DRG (Ishimatsu, 1994) . The purpose of the present study is to examine the effect of NKA on neuronal excitability of DRG by using whole-cell patch-clamp methods. The results show that NKA produced depolarizing response by suppressing both a voltage dependent non-inactivating K+ current, the M-current (IM) (Brown and Adams, 1980; Adams et al. 1982x, b; Tokimasa and Akasu, 1990b) and a voltage-independent background K+ current, 'K(B) (Ishimatsu, 1994) .
Materials and Methods
Tissue culture 
Isolation of IM and IK(B)
To record the M-current (IM), DRG neurons were superfused with a Ringer solution containing tetrodotoxin (TTX; 3 M), tetraethylammonium (TEA; 40 mM), Cs+ (2 mM), 4-aminopyridine (4-AP; 2 mM) and apamin (50 nM) (Tokimasa and Akasu, 1990b) . NaCI (72 mM) was replaced with equimolar choline chloride. HEPES, 4 mM and tris (hydroxymethyl) aminomethane (Tris, 1 mM) were used as buffer instead of NaHCO3. In this modified Ringer solution, called M-solution, voltage-dependent Na+ current, delayed rectifier K+ current (IDR), A-current (IA), H-current (IH) apamin-sensitive Ca2+ dependent K+ current (IK-Ca) were eliminated (Tokimasa and Akasu, 1990a, b) . To isolate a voltageindependent background K+ current (IK(B)), DRG neurons were superfused with an M-solution containing nominally zero Ca2+ and Co2+ (300 ,u M), and voltage-clamped at a potential more negative than -60 mV. Ca2+-free Ringer solution contained nominally 0 mM Ca2 ; 300 ,uM Co2+and 11 mM Mgt.
Drugs
Drugs used in the present study were as follows. Apamin and 4-aminopyridine were purchased from Sigma. Neurokinin A (NKA) was from Peptide Institute Inc.
(Osaka). Other drugs were tetrodotoxin (Wako Pure Chemicals Industries, LTD.) and tetraethylammonium chloride (Tokyo Kasei). NKA was applied by either perfusion or a train of 3 pressure pulses (8-20 psi for 30 ms) through a broken-tip pipette utilizing a Picospritzer (General and finally reversed its polarity at a membrane potential between -70 and -105 mV in the normal K+ (2 mM) Ringer solution ( Fig. 2A) . The relationship between hold- ing voltage and amplitude of the INKA showed that the reversal potential of the INKA was -100 mV in 2 mM K+ Ringer solution (Fig. 2B) . From 6 cells, the reversal potentials of the INxa were -98.2±4.0 mV in Ringer solutions.
Effects of K+ channel blockers
Intracellular Cs t a K+ channel blocker in neuronal cells (Rudy, 1988; Hue, 1992) was applied through a patch-pipette containing 96 mM CSCl. The holding current (a -30 mV) gradually shifted to the inward direction after rupturing the patch membrane. The inward current produced by 1 pM NKA was strongly reduced in neurons treated with Cs+ (n=3) (Fig. 3A) . Exrracellular Ba2+ has been reported to block several types of K+ channels in excitable cells (Rudy, 1988; Hille, 1992) . Bath-application of Ba2+ (1 mM) produced an inward current at -60 mV and depressed the amplitude of the INKA (Fig.  3B) . Ba2+ depressed the membrane conductance during the inward current at holding potentials more negative than -60 mV . The reversal potential of Ba2t hyperpolarizing command potential (at -60 mV) which is a voltage -independent 'leak' current (Adams et al . 1982a, b) .
When NKA was continuously applied to the external solution for more than 1 min, the INxA returned to the original holding current (Fig. 4B) . The inhibition of the IM also declined with time during prolonged application of NKA. A rebound enhancement of the IM was seen in 8 out of 9 cells (Fig. 4Bc) .
Effect of NKA on the activation curve of the IM The ganglion cells were continuously voltage-clamped at the bottom of the activation curve of IM, -70 mV, and subjected to depolarizing voltage-steps between -60 and +20 mV , of 300 ms duration (Tokimasa and Akasu, 1990a,b) . The outward tail current was measured 10 ms after termination of the depolarizing step command (Fig. 5A) Effect of NKA on background K+ current, IK(B) The contribution of non-M type K+ current to the INKA was examined at the resting membrane potential where the IM is strongly deactivated. DRG neurons were voltage-clamp at -60 mV and were superfused with an M-solution containing nominally zero Cat; Co2+ (300 ,aM) and Cs (1 mM) to eliminate the IM, Cat-induced K+ current and H-current (Tokimasa and Akasu, 1990a, b) . Hyperpolarizing voltagecommands (400 ms in duration) from -60 to -120 mV produced a square (ohmic) inward current associated with no obvious current relaxation (Fig. 6A) 1994). The NKA-induced inward current and is due primarily to the reduction of 'K(B) at the resting membrane potential . Tachykinins are putative transmitter peptides of primary sensory neurons mediating the transmission of sensory information (see Review Otsuka and Yoshioka, 1993) . Tachykinins cause enhancement or depression of nociceptive responses in substantia gelatinosa cells of the cat dorsal horn, by modifying both the release of a sensory transmitter and the membrane excitability of the postsynaptic membrane (Henry, 1980; Otsuka and Yanagisawa, 1987; Otsuka and Yoshioka, 1993) . NKA may depolarize the central terminals of primary afferent neurons, resulting in the facilitation of nociceptive transmission in spinal cord.
